Verbal information is better retained when it is self-generated rather than when it is received passively. The application of self-generation procedures has been found to improve memory in healthy elderly and in individuals with impaired cognition. Overall, the available studies support the notion that active participation in verbal encoding engages memory mechanisms that supplement those used during passive observation. Thus, the objective of this study was to investigate the age-related changes in the neural mechanisms involved in the encoding of paired-associates using a self-generation method that has been shown to improve memory performance across the lifespan. Subjects were 113 healthy right-handed adults (Edinburgh Handedness Inventory N50; 67 females) ages 18-76, native speakers of English with no history of neurological or psychiatric disorders. Subjects underwent fMRI at 3 T while performing didactic learning ("read") or self-generation learning ("generate") of 30 word pairs per condition. After fMRI, recognition memory for the second word in each pair was evaluated outside of the scanner. On the post-fMRI testing more "generate" words were correctly recognized than "read" words (p b 0.001) with older adults recognizing the "generated" words less accurately (p b 0.05). Independent component analysis of fMRI data identified task-related brain networks. Several components were positively correlated with the task reflecting multiple cognitive processes involved in self-generated encoding; other components correlated negatively with the task, including components of the default-mode network. Overall, memory performance on generated words decreased with age, but the benefit from self-generation remained consistently significant across ages. Independent component analysis of the neuroimaging data revealed an extensive set of components engaged in self-generation learning compared with didactic learning, and identified areas that were associated with age-related changes independent of performance.
Introduction
Verbal information is better retained when it is self-generated rather than received passively (Backman and Mantyla, 1988; Basso et al., 1994; Craik, 2002; Kanfer and Schefft, 1988; McDaniel et al., 1988; Olofsson and Nilsson, 1992; Schefft and Biederman, 1990; Slamecka and Graf, 1978) . Specifically, self-generation involves an individual3s production of verbal information based on a cue or set of cues (semantic, phonological, or visual) , as opposed to hearing or reading the full phonological or orthographic form. In the clinical setting, the application of selfgeneration procedures has been found to improve memory in both nondemented elderly individuals and patients with Alzheimer3s disease (Barrett et al., 2000; Lipinska et al., 1994; Multhaup and Balota, 1997; Souliez et al., 1996) , frontal lobe dementia (Souliez et al., 1996) , and in a number of other conditions (Barrett et al., 2000; Chiaravalloti and Deluca, 2002; Marshall et al., 1992; Schefft et al., 2008a; Schefft et al., 2008b; Smith, 1996; Vinogradov et al., 1997) . Overall, these clinical studies support the notion that active participation during verbal encoding engages memory mechanisms that supplement those used during passive observation, leading to improvements in memory performance (Barrett et al., 2000; Lipinska et al., 1994; Multhaup and Balota, 1997; Schefft et al., 2008a; Schefft et al., 2008b; Souliez et al., 1996) .
The efficacy of self-generation encoding procedures likely lies in the fact that the individual takes an active role in producing material to be remembered rather than passively responding to stimuli provided. Memories are enhanced as a result of self-generation of information because there is an increase in distinctiveness in the to-be-remembered items (Mantyla and Nilsson, 1988; McDaniel et al., 1988) , and also, the strategy enforces processing information at a deeper semantic level, which causes verbal information to be better remembered (Backman and Mantyla, 1988; Craik, 2002; Lespinet-Najib et al., 2004) .
For older adults, the memory benefit associated with self-generation of words compared to simply reading is as large as it is for younger adults, but overall memory performance decreases with age (Rabinowitz, 1989) . Some differences in the generation effect for older and younger adults have been observed; for example, older adults do not receive as much memory benefit as younger adults from simply reading words aloud compared to silent reading (Lin and MacLeod, 2012) , suggesting that the memory benefit for generating words may derive from the deep semantic processing associated with the generation process. In addition, while older adults see a memory benefit for self-generated items, they may not remember features of these items (Rabinowitz, 1989) to the extent that younger adults do.
The changes that take place in the neural mechanism underlying self-generation with age are not well defined. In young adults, neuroimaging studies of verbal encoding, which have made use of a variety of tasks and materials, have revealed a general pattern suggesting involvement of a multi-lobar network of brain regions. In general, "deeper" semantic processing at encoding, may be associated with additional participation of the frontal and medial temporal regions when contrasted with shallower encoding (Nyberg, 2002; Otten et al., 2001) . Frontal mechanisms for "deeper" encoding have also been suggested to be leftlateralized (HERA model; Tulving et al., 1994) . The self-generation task also depends on encoding and retrieval of paired verbal associates, which has been found to involve parahippocampal regions, visual integration areas, bilateral prefrontal cortex and cingulate gyrus, in both encoding and retrieval Mottaghy et al., 1999) . Studies of "subsequent memory effects", which examine patterns of activation during encoding of information that is later successfully remembered are also relevant, since the generation effect promotes more successful encoding. A recent meta-analysis showed that left inferior frontal cortex/insula, bilateral fusiform cortex, and left mesial temporal regions were most often engaged during successful encoding of verbal associates (H. Kim, 2011) . Using the self-generation encoding task also used in the present study, we previously found increased activation for selfgeneration encoding of words compared to reading in inferior/middle frontal gyri, anterior cingulate, caudate nucleus, and the temporoparietal-occipital junction bilaterally . A largely overlapping pattern of results was recently observed by Rosner et al. in another similar self-generation task (Rosner et al., 2013) . On the whole, these studies support a frontal-temporal-occipital network that is necessary for successful verbal encoding. However, none of these studies have focused on the change in the verbal encoding network that occurs with aging.
A few recent studies examining age-related changes in the verbal encoding network have shown effects of age on the involvement of temporal/parietal versus frontal regions in older adults. Older adults, compared to younger adults, show increased engagement of prefrontal cortex, and decreased engagement of medial temporal regions during encoding tasks, though they exhibit the same level of performance (Dennis et al., 2007; Sambataro et al., 2012) . Age-related shifts in activation from temporal or parietal to frontal regions are suggested to indicate increased reliance on attentional and/or executive processes in older adults as a "compensatory" strategy (Rajah and D3Esposito, 2005; Sambataro et al., 2012) . This compensation may also go handin-hand with dedifferentiation -the theory that in aging, brain networks become less dedicated to specialized functions. For example, frontal regions dedicated to executive function or attention earlier in life support other functions such as memory encoding later (Geerligs et al., 2014; Rajah and D3Esposito, 2005; Sambataro et al., 2012; St-Laurent et al., 2011) .
Functional connectivity analyses of fMRI have further contributed to our understanding of age-related changes in task-specific brain networks supporting cognitive function, including verbal encoding. Studies of verbal encoding have found that in older adults medial temporal regions become more connected with dorsolateral frontal regions (Daselaar et al, 2006; Grady et al, 2003) and that there is age-related decrease in connectivity between hippocampal and temporo-parietal regions (Daselaar et al., 2006) . These results are consistent with the age-related shift toward increased prefrontal engagement found in other fMRI studies. However, findings of age-related decreases in connectivity in parietal regions are not universal. For example, Matthaus et al. found that, networks engaged during memory tasks showed increased parietal connectivity in older adults (Matthaus et al., 2012) .
Default-mode network connectivity has also been shown to decrease with age (Grady et al., 2010) . This has been observed in default-mode suppression during a task. For example, Geerligs et al. (2014) found decreased default-mode connectivity in older adults compared to younger adults during a sustained attention task. They also found decreased connectivity in older adults compared to younger adults in dorsal attention/somato-motor networks that were active during the task. Age-related decreases in default-mode connectivity have also been observed in a number of resting-state studies (Mevel et al., 2013; Mowinckel et al., 2012; see Ferreira and Busatto, 2013; Goh, 2011 for reviews) . These decreases have been described as a biomarker of cognitive decline in aging (Ferreira and Busatto, 2013; Grady et al., 2010; Mevel et al., 2013; Worsley and Friston, 1995) and are perhaps related to the increased distractibility in older adults (Grady et al., 2010) ; they are suggested to reflect dedifferentiation as networks are decreasing in specificity with age (Geerligs et al., 2014; Goh, 2011; Sambataro et al., 2012) .
In the present study we aimed to investigate age-related changes in the neural mechanisms involved in the encoding of paired-associates using a self-generation method that has been shown to improve memory performance across the lifespan (Barrett et al., 2000; Lipinska et al., 1994; Multhaup and Balota, 1997; Schefft et al., 2008a; Schefft et al., 2008b; Souliez et al., 1996) . Our hypothesis was that with increasing age there would be a decrease in memory performance, but no change in the degree of performance improvement associated with selfgeneration. We also expected age-related changes in the network supporting self-generation encoding (Rosner et al., 2013; Vannest et al., 2012) , as examined with fMRI and independent component analysis (Ferreira and Busatto, 2013; Goh, 2011) . Finally, we also expected decreased connectivity with age in both task-related networks, particularly those that involve temporal and parietal regions, as well as decreased connectivity in task-negative "default mode" networks.
Methods

Subjects
Subjects were 113 healthy right-handed adults (67 females) ages 18-76, native speakers of English with no history of neurological or psychiatric disorders. Some of these subjects were included in our previous publications Vannest et al., 2012) . Age and gender distribution of the examined cohort are included in Fig. 1 . Subjects were recruited from a local Cincinnati community via print and wordof-mouth advertising as part of a larger study Siegel et al., 2012; Szaflarski et al., 2013; Vannest et al., 2012) . The project was reviewed and approved by the Institutional Review Boards at the University of Cincinnati, the Cincinnati Children3s Hospital Medical Center and the University of Alabama at Birmingham, and all subjects were provided written informed consent.
Materials
Materials were 60 pairs of related familiar words consisting of 3-6 letters as in previous studies (Basso et al., 1994; Schefft et al., 2008a; Siegel et al., 2012; Vannest et al., 2012) . Relationships between pair members were characterized in terms of 5 rules (12 pairs per rule): associates (e.g., lock-key), category members (e.g., saucer-bowl), synonyms (e.g., street-road), antonyms (e.g., hot-cold) and rhymes (e.g., care-dare) Vannest et al., 2012) . Thirty pairs (6 per rule) were assigned to the didactic learning condition ("read" condition) and the remaining 30 to the self-generation learning condition ("generate" condition). There was an equal number of trials from each rule in the "generate" and "read" conditions. One word in the pair was always the first word and the word order within the pair did not vary across subjects.
Procedure-encoding phase
fMRI scanning was preceded by a 15-item practice session as described in Vannest et al. (2012) . In both the practice session and the scanning session, each word pair was visually presented for 5000 ms centered in a 36-point white font on a black background (using DirectRT software; http://www.empirisoft.com). Subjects were instructed to produce aloud the second word in the pair, and could make their verbal response at any time during the visual presentation. In the "read" condition, both words were fully presented, but in the "generate" condition, the second word was presented with the first letter only with the remaining letters replaced by asterisks (e.g., salt -p*****). Subjects were instructed that they would later be asked to recognize the second word of each pair. During fMRI scanning, 60 pairs were randomly presented in an event-related design, and verbal responses were recorded via an in-scanner microphone. A sparse acquisition approach Schmithorst and Holland, 2004b; Vannest et al., 2009 ) was used so that verbal responses could be produced and recorded without scanner noise. During image acquisition, after the 5000 ms visual presentation of the word pair, the word STOP appeared on the screen for 6000 ms Vannest et al., 2012) .
MRI acquisition methods
As described in Vannest et al. (2012) , fMRI scanning was performed on a 3 T Philips Achieva MRI scanner with the following parameters: TR/TE = 2000/38 ms, FOV 24.0 × 24.0 cm, matrix 64 × 64, slice thickness = 4 mm. This resulted in a voxel size of 4 × 4 × 4 mm and 32 axial slices. Three image volumes were collected during each sparse acquisition phase following each stimulus presentation for a total of 180 volumes. High-resolution T1-weighted anatomical images were also obtained using the following parameters: TR/TE = 8.1/3.7 ms, FOV 25.0 × 21.1 × 18.0 cm, matrix 252 × 211 and slice thickness = 1 mm.
Recognition post-test
After fMRI scanning, recognition memory for the second word in each pair was evaluated outside of the scanner Vannest et al., 2012) . All 60 of the "read" or "generated" words were presented in a three-item forced-choice recognition task. The target item and two foils were presented simultaneously on the computer screen. Both foils were semantically related to the target in 30 trials, unrelated in 15 trials, rhymes in 10 trials, and in the remaining 5 trials one foil was associated with the target and one was not (semantic or rhyme). No words presented during the encoding phase were used as foils; all foils were 3-7 letters. Subjects responded with a self-paced key press to indicate which of the three words they recognized from the preceding in-scanner task.
Functional MRI data analysis
Processing of 3D anatomical and fMRI image data were done using routines written in-house in the Interactive Data Language (IDL; ITT Visual Information Solutions, Boulder, CO) programming language and the Cincinnati Children3s Hospital Image Processing Software (CCHIPS©) using methods similar to those used in our previous studies (Schmithorst et al., 2000; Szaflarski et al., 2008; Szaflarski et al., 2004) . Briefly, several pre-processing steps were performed including removal of ghosting and geometric distortion artifacts using a multi-echo reference technique (Schmithorst et al., 2001) , motion correction using a pyramid iterative algorithm (Thevenaz et al., 1998) , and affine spatial transformation of the anatomical and functional images to align them with the standard Montreal Neurological Institute (MNI) coordinate reference frame.
Independent component analysis
Group spatial independent component analysis (Schmithorst and Holland, 2004a) was implemented using GIFT software (Calhoun et al., 2001) . Principal component analysis (PCA) reduction was carried out in three stages, once for each image volume in the sparse acquisition (3 image volumes per trial). This allows for the greatest sensitivity to fluctuations in BOLD response that occur at various latencies following the stimulus and response. PCA reduction was first applied to each of the three image volumes for each subject concatenated across time to obtain 59 principal components (PCs). These first-level PCs were then concatenated within each subject, and a second round of subject-wise PCA reduction was applied to obtain 51 PCs. All subjects3 second-level PCs were concatenated, and a third and final round of PCA reduction was applied to obtain 41 PCs for the group. This final number was estimated using the minimum description length (MDL) criteria (Li et al., 2007; Schmithorst and Holland, 2004a) for a representative subject/ image volume. Following ICA, group components were backprojected onto individual subjects using dual regression (Filippini et al., 2009) . Backprojected timecourses for each image volume within each independent component (IC) were correlated with a binary task timecourse (1 = "generate", 0 = "read"). For further analyses, we chose to focus on those ICs that were most related to the task; specifically, we quantified task-relatedness in terms of degree of correlation (correlation coefficient r) of the IC with the task timecourse across all subjects. We selected only those ICs that were highly correlated with the task timecourse across subjects (those with an average correlation coefficient of | r| N 0.50 in at least one of the three image volumes; if more than one image volume was correlated at |r| N 0.50, the most highly correlated volume was selected). These 13 ICs were retained for further analyses. Intra-component connectivity was assessed by thresholding each group component t-map at t N 5 create a binary mask of each of the 13 ICs. These masks represent groups of voxels whose activations are maximally dependent on the task across the entire group of subjects. Each of these group component masks was then applied to each subject3s corresponding back-projected component. For each subject, the mean of the voxels within each mask was extracted as a measure of intra-component connectivity. Specifically, this extracted measure represents how tightly intercorrelated the voxels in the selected component are for a given subject. This analysis resulted in values for intra-component connectivity for each of the 113 subjects for each of the 13 ICs.
Relationships between connectivity, age, and performance
For the 13 task-related components, the effects of age and post-test performance were assessed with a multiple regression analysis. Age and post-test performance in the "read" and "generate" conditions were used as predictors of intra-component connectivity at the singlesubject level. Adjustment for multiple testing over the 13 components was done using the False Discovery Rate (FDR) methodology. FDR procedures are designed to control the expected proportion of incorrectly rejected null hypotheses (Benjamini and Hochberg, 2000) .
Results
Performance data
In-scanner performance data during the encoding task were recorded, transcribed and scored. If a participant generated a related word that fit the appropriate number of letters but was not the expected target this was counted as a correct response, though such responses were rare. As expected, more words were correctly read than correctly generated (t(112) = 20.19, p b 0.001), though performance levels were very high in both conditions (98.9% correct responses for read words, 80.1% correct responses for generated words). On the recognition post-test, more words in the generate condition were correctly recognized than words in the read condition (78.4% correct recognition responses for the generate condition, 70.0% for the read condition; t(112) = 7.77, p b 0.001). Note that post-test performance was not conditionalized on correctly reading or generating the word during the encoding phase; subjects frequently recognized words that they did not correctly produce during the encoding phase indicating subliminal processing even when they were unable to generate the correct words.
Age was not a significant predictor of in-scanner performance, but it was a predictor of post-test recognition performance for words in the generate condition, where older adults performed less accurately (r = −0.22, p = 0.021). This was not the case for words in the read condition (r = −0.10, p = 0.28). There was a significant difference in the age-related change in these two conditions (t(225) = 15.07, p b 0.001) However, if we examine the difference in recognition scores for "generated" versus "read" words, this does not differ with age (r = −0.12, p = 0.22), i.e. the performance "boost" for generated words compared to read was consistent across age. Post-test recognition performance as a function of age is shown in Fig. 2. 
fMRI results -independent component analysis
Seven components were identified as task-positive ("generate" N "read"); these components correlated positively with the task above the threshold of r N 0.50 ("generate" N "read"). These components are displayed in Fig. 3 , and locations for each of the clusters in each component are given in Table 1 .
Six task-negative ("read" N "generate") components, including those associated with default mode networks, were identified; they correlated negatively with the task below the threshold of r b −0.50. These components are displayed in Fig. 4 , and locations for each of the clusters in each component are also given in Table 1 .
Relationships between performance and connectivity
There were no components where there was a significant relationship between connectivity and memory performance in either the "read" condition, "generate" condition, or overall (collapsed across the read and generate conditions). This was the case with or without including age as a covariate.
Relationships between age and connectivity
Results of the multiple regression analysis examining age (including overall post-test performance, as a covariate) are included in Table 2 . Two task-positive ("generate" N "read") components showed decreasing intra-component connectivity with increasing age; the components shown in Fig. 3A cingulate cortex, bilateral temporo-parietal regions; p b 0.05 corrected). The component in 4D also showed a decrease in intra-component connectivity with age, but this did not survive correction for multiple testing.
Discussion
Our results confirm the behavioral finding that memory for selfgenerated verbal information is more accurate than memory for verbal information that is read (Rabinowitz, 1989) . While overall memory performance decreased with age, the benefit from self-generation remained consistent across age -more self-generated words were Fig. 3 . Group average independent components positively correlated (r N 0.5) with the task timecourse. Images are presented in radiological orientation (right in the figure is left in the brain). A) Bilateral fronto-parietal; B) right fusiform gyrus; C) bilateral occipital; D) right inferior frontal/insula and thalamus; E) right anterior insula, anterior cingulate and precentral/dorsomedial frontal cortex; F) bilateral (left-lateralized) inferior frontal gyrus; and G) cerebellum. Components in A and B showed decreasing intra-component connectivity with increasing age. The exact location of the BOLD signal changes or each component is located in Table 1 . remembered than read words in young and older adults alike. Overall, the results of the present study reveal a set of networks engaged during self-generation of words, as well as networks more active during the baseline reading task ("task-negative"). Within many of these networks, we observed age-related decreases in connectivity. However, this reduced connectivity did not correspond directly with the decrease in memory performance for generated words that was observed in the behavioral results. Further, independent component analysis of neuroimaging data revealed an extensive set of components engaged in selfgeneration compared with reading aloud. This was consistent with previous results that were limited to younger adults , where large regions of bilateral frontal and temporo-parietal-occipital cortex were more active for self-generation than reading (Rosner et al., 2013; Vannest et al., 2012) . The functional connectivity analysis in the present study expands on these findings and allows us to examine networks or regions with common spatiotemporal patterns during the task (sub-regions of those found in the standard GLM analysis) that may represent functional components of the network. Importantly, we chose the independent component analysis approach because it allowed us to examine these data without any assumption about the temporal dynamics of the hemodynamic response function (Calhoun et al., 2009; McKeown et al., 1998) . Each task-positive ("generate" N "read") component may support the multiple cognitive processes engaged during this task. The bilateral fronto-parietal component depicted in Fig. 3A has been shown to support working memory and executive functions that are crucial for the performance of this task (Dosenbach et al., 2007; Gordon et al., 2012; Grady et al., 2010; Sridharan et al., 2008) with the left-lateralization of this component consistent with the HERA model of memory encoding, in which left prefrontal cortical regions are responsible for retrieval of information from semantic memory and simultaneous encoding of novel aspects of the retrieved information (Tulving et al., 1994) . The component shown in Fig. 3B , the right fusiform gyrus, is known to participate in visual imagery associated with the semantic processing involved in the generation task (D3Esposito et al., 1997; Lambert et al., 2002) , also found in previous studies of successful verbal encoding (H. Kim, 2011) . The network component depicted in Fig. 3C , the bilateral occipital cortex, likely supports processing of the visually presented stimuli (Nenert et al., 2014; Wandell et al., 2012) . The right-lateralized inferior frontal/subcortical component shown in Fig. 3D may be involved in the process of selecting the appropriate response and inhibiting inappropriate ones (Hampshire et al., 2010) . The component shown in Fig. 3E , primarily composed of the right anterior insula, anterior cingulate and precentral/dorsomedial frontal cortex, likely Table 1 . represents a component that is involved in attentional control (Eckert et al., 2009; Huang et al., 2012; Touroutoglou et al., 2012) and also consistent with other studies involving memory for paired associates Mottaghy et al., 1999) . The component shown in Fig. 3F , a bilateral but left-lateralized component in inferior frontal gyrus, has been shown to support the generation of verbal responses, as well as semantic processing (K.K. Kim et al., 2011; Karunanayaka et al., 2010; Vannest et al., 2012; Wende et al., 2012) . Finally, the cerebellum, in Fig. 3G , is known to play a role in speech production (Ackermann and Riecker, 2004; Nagels et al., 2012; Szaflarski et al., 2013; Wende et al., 2012) . Several task-negative components were also found (Fig. 4) . Specifically, these components were engaged more during the "read" condition than when words were self-generated. Most of these are recognized default mode components that are engaged during rest or during a less cognitively demanding task (Fox et al., 2005; Fox and Raichle, 2007; Geerligs et al., 2014; Grady et al., 2010; Kay et al., 2012; Mevel et al., 2013; Morgan et al., 2008; Mowinckel et al., 2012; Paret al.k, 2010) . Interestingly, components that involve regions of the sensorimotor system, those depicted in Fig. 4A , cerebellum and pre/postcentral gyrus bilaterally (Damoiseaux et al., 2006; Golfinopoulos et al., 2010; Peeva et al., 2010) and 4F, anterior insula (Ackermann and Riecker, 2004) , were also correlated negatively with the task. While these are not components typically observed as task-negative (Fox et al., 2005) , we note that our "read" control task is an active baseline rather than a passive or resting state, and, therefore, it may engage additional networks that the "generate" task does not. We speculate that the engagement of the motor components 4A and 4F may be due to the participants3 ability to better execute robust and consistent motor speech responses in the "read" condition where the to-beproduced word was given on the screen and no semantic processing was necessary.
There were also a number of regions of overlap between taskpositive ("generate" N "read") and task-negative ("read" N "generate") components. The bilateral fronto-parietal component shown in Fig. 3A and the component shown in Fig. 3E , composed of the right anterior insula, anterior cingulate and frontal cortex, overlapped with the "default mode" component in 4C, in part of the bilateral supramarginal gyrus and anterior cingulate /dorsomedial frontal cortex respectively. This overlap highlights the complexity of attentional/executive resources involved in both the "generate" and "read" conditions, both of which involve active responses. In line with this, there is also an overlap between "generate" N "read" and "read" N "generate" components in areas of the speech motor system. Specifically, the components shown in Figs In this study, several components showed an age-related decrease in intra-component connectivity even after accounting for post-test performance. Two task-positive ("generate" N "read") components showed these decreases -the fronto-parietal working memory/executive network in Fig. 3A , and the right fusiform gyrus (Fig. 3B) . This is consistent with several other studies that have found age-related decreases in connectivity in task-positive networks that involve posterior regions (Daselaar et al., 2006; Grady et al., 2003; Rieckmann et al., 2011) . Because our connectivity measure reflects the degree of intercorrelation among the voxels in the component, decreases in this connectivity measure are likely to reflect dedifferentiation, i.e., the network becoming less specialized. We also found age-related decreases in connectivity in task-negative ("read" N "generate") components, particularly posterior components of the default-mode network, involving posterior cingulate cortex and bilateral temporo-parietal regions (Fig. 4B) . These results confirm a number of other studies showing decreased defaultmode connectivity in older adults (Geerligs et al., 2014; Grady et al., 2010; Mevel et al., 2013; Mowinckel et al., 2012) , in some cases associated with poorer cognitive performance, as we find in the present study (Geerligs et al., 2014; Mevel et al., 2013) . The sensorimotor/cerebellar component (Fig. 4A) , which was more active during the "read" baseline than the generation task, decreased in connectivity with age. Decreased cortico-cerebellar connectivity in older adults has been observed in other studies (Bernard et al., 2013) .
In contrast to other studies (Dennis et al., 2007; Grady et al., 2003; Sambataro et al., 2012) , we did not find compensatory increases in connectivity associated with age in the prefrontal regions. However, those task-positive ("generate" N "read") components that primarily involved frontal regions (3D, 3E, 3F) did not decrease in connectivity with age, suggesting that these networks may be less vulnerable to age-related dedifferentiation.
Conclusions
Overall, we found that, as in other studies of verbal memory and aging, there were widespread age-related decreases in connectivity in many regions of the verbal encoding network engaged during selfgeneration of words, as well as changes in task-negative ("read" N "generate") and default mode networks more active during the baseline reading task. These changes occurred independently of a small, but significant, decrease in memory performance for generated words with age. However, a self-generation strategy gave a "boost" to memory performance regardless of age. In contrast to other studies that have shown compensatory increases in the engagement of frontal regions (Dennis et al., 2007; Grady et al., 2003; Sambataro et al., 2012) , no networks were observed that increased in connectivity with age (though connectivity in frontal task-positive networks remained stable with age). Thus, our results support the hypothesis that older adults engage a less connected network of brain regions, and this corresponds to a significant decrease in memory performance for generated words. However, this decrease is approximately 10%, suggesting that there is some continued support memory processes in this less connected network (Dennis et al., 2007; Nagels et al., 2012; Sambataro et al., 2012) .
